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Abstract
Recently, the XENON1T experiment has observed an excess in the electronic re-
coil data in the recoil energy range of 1–7 keV. One of the most favored new physics
interpretations is electron scattering with a boosted particle with a velocity of ∼ 0.1
and a mass of & 0.1 MeV. If such a particle has a strong interaction with electrons, it
may affect the standard scenario of cosmology or be observed at low-threshold direct
detection experiments. We study various constraints, mainly focusing on those from
the big-bang nucleosynthesis, supernova cooling, and direct detection experiments. We
discuss the implication of these constraints on electron-scattering interpretation of the
XENON1T excess.
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1 Introduction
The XENON1T experiment has recently reported an excess in low-energy electronic recoil
data [1]. The observed number of events in the recoil energy range of 1–7 keV is 285 which
is larger than the known background expectation 232± 15, corresponding to the significance
of > 3σ. Although the excess might be due to unknown background contributions, e.g.,
from β-decay of tritium, it could be a sign of new physics [2–55]. One of the most attractive
scenarios is provided by the dark matter (DM). If the DM has a mass of ∼ 1 keV, and is
absorbed by electrons in the detector, the XENON1T result can be explained. However,
the event distribution of the electronic recoil energy has a sharp peak around the DM mass,
though the XENON1T result implies a broader spectrum for the excess [1].
Such a broad spectrum may be realized by a new particle χ scattering with electrons [3,
6, 10, 26, 42, 48, 50, 52]. It is likely to be electrically neutral because events with multiple
scatterings are vetoed in the analysis [1].#1 The recoil energy can be ∼ 1 keV if χ has a
velocity of ∼ 0.1 with a mass of & 0.1 MeV. The energy deposition becomes smaller than
the keV scale when it is lighter or if the velocity is lower, e.g., as low as the virial velocity
of the cold DM, v ∼ 10−3.
The velocity is so large that χ cannot be trapped in gravitational potentials in the
universe. Hence, its energy abundance must be suppressed in the early universe. In this
paper, χ is assumed to acquire such a large velocity by some boost mechanism. For example,
in the semi-annihilation DM model [56–60], the DM is boosted via the annihilation process
of χχ → χX with mX  mχ, which takes place in the Galactic Center or halo.#2 Then, χ
in the final state has a boost factor of γ = (5m2χ −m2X)/4m2χ. Depending on the scenario
when the boost happens, we will explore the following two cases:
1. Models with a mechanism that boosts χ in the current universe. It is noticed that
χ is not always a substantial component of the DM. It is identical with the DM in
the semi-annihilation DM model, while it can be different if the boost takes place via
XX → χ1χ2 with mχ1,2 < mX , where X is the DM, and the stable (or long-lived) χ1
or χ2 is detected. The relic abundance of χ1 and χ2 depends on the thermal history.
2. Models in which χ was boosted in the early universe. Here, χ is required to be stable
because it is detected at XENON1T. Since χ is relativistic for the redshift z & 10, it
must not be responsible for the DM. In this paper, we do not specify its production
mechanism.
In order to realize the XENON1T excess, χ is assumed to interact with electrons effectively.
Then, it may affect the standard ΛCDM cosmology or be detected by direct detection ex-
periments apart from the latest XENON1T result [1]. In this paper, we will examine the
following constraints:
#1 The particle is allowed to have a magnetic moment.
#2 It is argued in Ref. [6] that the flux of χ becomes insufficient to explain the XENON1T result if the
annihilation takes place in the Sun.
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• If the mass of χ is smaller than ∼ 10 MeV, χ can be produced thermally by electron-
positron annihilations during the Big-Bang nucleosynthesis (BBN). Its abundance con-
tributes to the expansion rate of the universe, affecting the primordial abundances of
the light nuclei, especially D/H.
• For the mass . 100 MeV, χ is generated from the thermal plasma via the electron-
positron annihilation inside a core-collapse supernova (SN). Then, χ escapes from the
SN with carrying the energy or is trapped inside the SN by losing its kinetic energy
via the scattering with the SN materials, i.e., the electrons. Thus, the emission of χ
enhances the energy loss rate of the SN when its free-streaming length is large enough,
while it is trapped and does not affect the SN cooling process if the interaction with
the electron is too large. Thus, the annihilation rate e+e− → χχ is constrained from
two sides.
• In the first model, χ can be a substantial component of the DM. Then, the un-boosted
component of χ may also be detected by low-threshold direct detection experiments of
the DM, e.g., the XENON1T S2-only analysis [61], even though the electronic recoil
energy is low. The experiments can constrain the e-χ scattering cross section for the
mass & 10 MeV.
Besides, the scattering cross section of χ with electrons may be constrained by the observa-
tion of the structure formation of the universe and the anisotropy of the cosmic microwave
background (CMB) as long as χ is abundant in the early universe. In the first model, if χ is a
substantial component of the DM and is in kinetic equilibrium with the thermal plasma, the
density fluctuation of the DM is washed out by the e-χ scattering. Also, when χ annihilates
into the electron and positron, the thermal plasma receives extra energy and the effective
number of relativistic degrees freedom, Neff , is modified. In addition, if χ is relativistic in
the early universe as supposed in the second model, its abundance contributes to Neff . These
contributions can affect thermal history. We will study the implication of these constraints
on electron-scattering interpretation of the XENON1T excess.
This paper is organized as follows. We describe the model setup in Sec. 2. The constraints
are summarized in Sec. 3, where the bound on the cross section is provided. Based on the
XENON1T result, the constraint on the cross section is interpreted to the limit on the
flux/abundance of χ. In Sec. 4, the results are shown for the two models. Section 5 is
devoted to conclusion.
2 Model
In this paper, χ represents a particle which is a source of the XENON1T excess, but we do not
necessarily identify χ as the DM. We consider χ to be an electrically neutral Dirac fermion,
which is stable (or long-lived) and interacts with an electron e via a contact interaction term,
Lint = Gχe(χ¯γµχ)(e¯γµe). (1)
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In the XENON1T detector, we assume χ has a velocity vχ ∼ 0.1 to deposit recoil energy
in 1–7 keV via the scattering process of e−χ → e−χ [3]. In the non-relativistic limit, the
corresponding cross section σ0 is obtained as
σ0 =
G2χeµ
2
χe
pi
, (2)
where µe is the induced mass,
µχe =
mχme
mχ +me
, (3)
with mχ and me being masses of χ and e, respectively. Note that we are interested in the
mass range of mχ & 0.1 MeV to explain the XENON1T result [3]. In addition, χ affects the
BBN and SN cooling via the annihilation process e+e− → χ¯χ. Its cross section is expressed
in terms of σ0 as
σann(s) =

σ0
12µ2χe
√
s− 4m2χ√
s− 4me
(s+ 2m2e)(s+ 2m
2
χ)
s
, (s > 4m2χ)
0, (s < 4m2χ)
(4)
where s is the Mandelstam variable. In this paper, we do not include other interactions of χ
with the SM particles for simplicity. They are likely to strengthen the following constraints.
3 Constraints
In this section, we discuss various constraints on χ arising from the contact interaction (1).
We will explain the constraint from BBN in Sec. 3.1, that from SN cooling in Sec. 3.2, and
that from direct detection experiments in Sec. 3.3, all of which give important constraints
on the mass and cross section of χ. We will also comment on the constraint from structure
formation in Sec. 3.4 and that from Neff in Sec. 3.5.
3.1 Big-Bang nucleosynthesis
If χ is in thermal equilibrium with the baryon-photon plasma at the beginning of BBN with
temperature TBBN ∼ O(1) MeV, thermally produced χ particles affect the expansion rate
of the universe. Such unusually high expansion rate modifies the primordial abundances of
the light nuclei and is severely constrained, in particular from the observation of the D/H
abundance [62,63].
Instead of solving Boltzmann equations, we adopt the criteria that the thermally aver-
aged electron-positron annihilation rate Γe+e−→χ¯χ ≡ ne 〈σv〉ann is smaller than the Hubble
parameter H for the BBN to work successfully.#3 Here, ne ∼ T 3 denotes the electron
#3 We neglect the effects of the late-time entropy generation and the photo-dissociation due to the residual
χ annihilation during the freeze-out epoch because it is argued in Ref. [63] that their contributions are
subdominant.
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number density with T being temperature of the thermal plasma. The thermally averaged
annihilation cross section is calculated as [64]
〈σv〉ann =
1
N
∫ ∞
4m2e
ds σann(s)
√
s(s− 4m2e)K1
(√
s
T
)
, (5)
with
N = 8m4eTK
2
2
(me
T
)
. (6)
Here, Kn (n = 1, 2, . . . ) is the modified Bessel function of the second kind. Using these
quantities, the condition is given by
Γe+e−→χ¯χ
H
∣∣∣∣
T=TBBN
> 1. (7)
The Hubble parameter is estimated as H(T ) ∼ √g∗(T )T 2/Mpl, where g∗ is the effective
number of relativistic degrees of freedom, which takes the value of g∗ ' 10.75 at T = TBBN,
and Mpl ' 1.22×1019 GeV is the Planck mass. Consequently, the condition is approximately
obtained as
σ0 .
4× 10−43 cm2
( mχ
MeV
)2
, (mχ < me)
10−43 cm2. (me < mχ . 10 MeV)
(8)
This result is valid when χ is highly relativistic. In the numerical analysis, we calculate
the above condition without using this approximation for the cross section (4). Note that
the constraint is significantly weaker if mχ & 10 MeV, which is natural because such heavy
particles are barely produced in the thermal bath at T = TBBN ∼ O(1) MeV. The result is
consistent with those in previous analyses such as Ref. [65].
In Fig. 1, we show the constraints on the coupling strength Gχe in terms of σ0 as a
function of mχ. The purple shaded region is excluded by the BBN constraint. We can see
that the cross section is severely constrained from above for mχ . 10 MeV.
It is noticed that the interaction rate becomes larger when the temperature becomes
higher in our setup (1), as it is clearly shown from the s-dependence of the cross section in
Eq. (4). Thus, it may be possible that χ and electron are in thermal equilibrium at T = TR,
with TR being the reheating temperature, while the equilibrium is no longer maintained at
T = TBBN. If this is the case, χ particles are thermally created at T = TR and the relic
of χ may affect BBN at T = TBBN. However, since the situation highly depends on the
reheating temperature TR in this case, here we adopt a model-independent and conservative
bound evaluated at T = TBBN as in Eq. (7) with the observational lower bound on TR to be
TR & O(1) MeV [71–75].
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Figure 1: Constraints on the e-χ interaction Gχe in terms of σ0 as a function of mχ. The
purple and green shaded (or hatched) regions are disfavored by BBN [65] and SN cooling [66],
respectively. The regions above blue solid, dashed, and dotted lines are also excluded by
direct detection experiments [61, 67–70] if χ consists of 100%, 10%, 1% of the DM energy
density in the current universe, respectively.
3.2 Supernova cooling
If there exist extra light degrees of freedom that couple with the thermal plasma inside
stars such as SN, they are generated and emitted from the star and contribute to the stellar
cooling. By comparing the standard prediction of the cooling with its observation, we can
put a bound on the interaction strength of the light degrees of freedom (for example, see
Ref. [76]).
The SN cooling constraint on pair production of a Dirac fermion χ has been discussed
in detail based on Monte Carlo simulation in Ref. [66], where χ is assumed to couple with
the SM electromagnetic current jemµ via a contact interaction χ¯γ
µχjemµ . Although both the
electron-positron annihilation e+e− → χ¯χ and the proton-neutron bremsstrahlung pn →
pnχ¯χ primarily contribute to the production of χ, it was mentioned that the former process
dominates for r & 5 km in all χ mass region inside a SN, and thus, governs the cooling
process. In this paper, we convert the constraint on the interaction strength shown in Fig. 6
of Ref. [66] to that on Gχe by assuming that the boundary is determined by the electron
processes.
However, this conversion may not be accurate in the trapped regime. If the interaction
strength is large enough, the produced χ loses its kinetic energy via the scattering with the
SN materials and is trapped inside the SN eventually, leaving the SN cooling unaffected. In
contrast to the model setup in Ref. [66], p-χ interactions are absent in this paper. Therefore,
the trapping is less efficient and the converted limit we obtain is considered to be conservative
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in the trapped regime.
Besides, since the constraint in Ref. [66] was displayed only for mχ > 5 MeV, we need
to extrapolate it down to mχ = 0.1 MeV. This could be done by an observation that the
constraint on the interaction strength becomes less sensitive to mχ in the region mχ 
TC ∼ O(10) MeV with TC being the core temperature of SN. In fact, the results provided
in Ref. [77] show such behavior, though their analysis was not based on the Monte Carlo
simulation. Hence, we extrapolate the result in Ref. [66] by assuming that the constraint on
the interaction strength is independent of mχ in mχ < 5 MeV.
The result is shown by the green-colored region in Fig. 1. In particular, the constraint
obtained by the extrapolation is shown by the hatched area with dashed boundaries. From
the figure, we can see that a wide range of 0.1 MeV . mχ . 100 MeV is constrained by the
SN cooling. The constraint is placed on the region with smaller cross sections than those
from BBN. In the region below the green area, the production rate of χ is tiny enough to
keep the cooling unaffected, while the region above is also allowed because the produced χ
is trapped inside the SN. According to the above argument, the upper boundary, which is
denoted by the green dotted line, is conservative. We expect that the SN cooling may put a
constraint in a larger cross-section region. Nonetheless, to obtain more precise constraints,
we need to perform a detailed Monte Carlo simulation, which is beyond the scope of this
paper.
3.3 Direct detection experiments
If χ is a substantial component of the DM relic abundance in the current universe, its
scattering cross section is also constrained by the low-threshold direct detection experiments
searching for electron recoils such as XENON10/100/1T experiments [61,67]. Before boosted,
given the DM velocity of ∼ 10−3, the electronic recoil energy is less than ∼ 1 keV. Such low
energy has been searched for especially at the XENON1T experiment; the S2-only analysis
has a sensitivity on the electronic recoil energy of ∼ 100 eV [61].
The e-χ scattering cross section is severely constrained in the sub-GeV to GeV mass
range of our interest. For mχ & 30 MeV, the recent XENON1T result [61] provides the best
sensitivity, while the cross section is constrained by XENON10 below it [67]. The results in
the mass range mχ = 100 MeV–1 GeV are summarized in Fig. 5 of Ref. [61]. In Fig. 1, we
show the constraint by the blue line. Here, the solid, dashed, and dotted lines correspond
to the case when χ constitutes 100%, 10%, and 1% of the total amount of the DM energy
density, respectively. For each line, the region above the line is excluded.
Let us comment on the constraints from the indirect searches. If χ is a substantial
component of the DM and has a large annihilation cross section for χ¯χ → e+e−, we may
observe anomalous electron and positron cosmic rays. Although interstellar sub-GeV elec-
trons/positrons are shielded by the solar magnetic field, Reference [78] has provided a con-
straint on the annihilation cross section in this range by utilizing the Voyager 1 result as
well as the AMS-02 one. The result is 〈σannv〉 . 5 × 10−29 cm3s−1 for mχ ∼ 100 MeV and
the limit is weaker for the other masses, where it is assumed that χ accounts for the total
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amount of the DM relic abundance. Thus, the constraint is much weaker than the one from
the direct detection in Fig. 1.
3.4 Structure formation
If χ occupies a substantial component of the DM and is in kinetic equilibrium with the
baryon-photon plasma at some time in the cosmological history, the density fluctuation of
the DM which seeds the structures of the universe is washed out via the acoustic oscillation
of the plasma. The matter power spectrum is suppressed under the scale which enters the
horizon before the time [79, 80]. Expressing the scale of the fluctuation as k, the horizon
crossing occurs when k = da/dt with a being the scale factor. Then, t = ts ∼ 106 s or
T = Ts ∼ 1 keV corresponds to the damping scale k−1 ∼ 102 kpc [81], which is the order
of the galaxy scale. We require that χ is not in the kinetic equilibrium with the thermal
plasma at T = Ts for the successful formation of galaxies.
#4 This criterion regarding the
kinetic equilibrium is expressed as
tχ(Ts) > ts, (9)
where tχ(T ) denotes the time scale for χ to achieve the kinetic equilibrium with SM particles
at temperature T , which will be evaluated below. This condition should be satisfied as long
as χ is abundant in the universe.
The time scale tχ(T ) is estimated as follows (cf., Ref. [82]). Let us consider the non-
relativistic limit of the e-χ scattering in the center-of-mass frame.#5 After a collision, the χ
momentum changes by an amount of δpχ,
δp2χ = 2µ
2
χev
2
rel(1− cos θ∗), (10)
where vrel denotes the relative velocity, and θ∗ is the scattering angle. Then, the thermally
averaged momentum transfer per unit time is evaluated as
d
〈
δp2χ
〉
dt
= ne
∫
d3ved
3vχdΩ∗ f(ve)f(vχ)
dσ0
dΩ∗
vrel δp
2
χ, (11)
where Ω∗ is the solid angle in the center-of-mass frame, f(v) is the Maxwell-Boltzmann
distribution function, and dσ0/dΩ∗ is the differential scattering cross section. On the other
hand, the thermally averaged momentum squared of χ in its comoving frame is〈
p2χ
〉
=
∫
d3vχ f(vχ)(mχvχ)
2 = 3mχT. (12)
#4 If the kinetic equilibrium is maintained at the time of recombination with T = Trec ' 0.26 eV, it
can also distort the CMB anisotropy [82] if χ occupies more than 6% of the abundance of the DM [83].
However, it can be read off from Eq. (14) that the higher temperature results in a much larger interaction
rate. Accordingly, the constraint from galaxy formation is much severer than that from CMB anisotropy
because Ts > Trec, and thus we only focus on the former.
#5 Note that the non-relativistic approximation used here is valid when mχ,me  T . The temperature
Ts of our interest satisfies this condition.
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By combining the quantities defined above, the time scale tχ is obtained as
tχ(T ) =
〈
p2χ
〉
d
〈
δp2χ
〉
/dt
. (13)
Since the e-χ scattering is isotropic in the non-relativistic limit, dσ0/dΩ∗ = σ0/4pi is satisfied.
By substituting this into the above expressions, we obtain
tχ(T ) ' 3
√
pimχ
8neµ
1/2
χe T 1/2σ0
, (14)
in our model. Recalling Eq. (9), this gives an constraint on the cross section
σ0 .

10−28 cm2
( mχ
MeV
)1/2
, (mχ < me)
10−28 cm2
( mχ
MeV
)
, (mχ > me)
(15)
where we use ne(Ts) ' ne(Trec)(Ts/Trec)3, with ne(Trec) ' 2.58×10−12 eV3 [84] being the elec-
tron number density at the recombination with temperature Trec ' 0.26 eV. This constraint
is, however, much looser than the others in Fig. 1.
3.5 Neff
The CMB observations precisely measure the effective number of relativistic degrees freedom,
Neff , defined by
Neff ≡ 8
7
(
11
4
)4/3(
ρrad − ργ
ργ
)
, (16)
where ρrad and ργ are the energy density of radiation and photons, respectively. Within the
standard model, Neff counts the number of neutrino species under the massless approximation
and we obtain Neff ∼ 3 at the current universe. The CMB observations conclude Neff '
2.99± 0.17 [85], which is consistent with the standard model. Thus, if there exist new light
degrees of freedom after the neutrino decoupling at T = TD ∼ 2 MeV [86] and before the
recombination at T = Trec, it may modify Neff . Since the contributions to Neff depend
crucially on whether χ is non-relativistic or relativistic in Trec < T < TD, we will discuss
them separately.
Let us first discuss the effect of the non-relativistic χ. For instance, this corresponds to
the case when χ is a component of the DM. In this case, the contribution to Neff is only
through the χ annihilation into electrons. Since the energy exchange between electrons and
photons is still active at T = TD, the energy deposit from χ effectively heats the baryon-
photon plasma and increases its temperature. As a result, Neff of our interest, which is
proportional to the ratio between the energy densities of neutrino and photon as shown in
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Eq. (16), decreases. Although the effect of the e-χ interaction on Neff has been evaluated in
Ref. [65], the constraint was shown to be weaker than that from BBN.
On the other hand, there are two possible effects on Neff when χ is relativistic in Trec <
T < TD. One is the same as that explained above; χ deposits energy on the baryon-photon
plasma and Neff decreases. The other is the contribution from χ itself to ρrad in Eq. (16),
resulting in an increase of Neff . For evaluating their contributions quantitatively, we need a
detailed numerical analysis of Boltzmann equations, and we leave it as a future work.
4 Implication on interpretation of XENON1T
The recent result of the XENON1T experiment [1] suggests the existence of a particle with
velocity vχ ∼ 0.1 and mass mχ & 0.1 MeV that necessarily interacts with electrons. Such
an interpretation requires a large flux or a large interaction strength to explain the signal
rate at XENON1T. In the previous section, we studied the constraints on the interaction
strength. Hence, a bound on the χ flux is derived by requiring enough signal rate. In the
following, we will discuss these constraints in the two models listed in the Introduction; one
with χ boosted in the current universe and the other with χ boosted in the early universe.
4.1 Models with χ boosted in the current universe
To be explicit, we consider the boosted DM model [56–60].#6 The particle χ is boosted via
the semi-annihilation of DMs. According to Ref. [6], the flux Φχ of χ should be as large as
Φχ ∼ 5× 102 cm−2 s−1
(
10−36 cm2
σ0
)
, (17)
where σ0 is the e-χ scattering cross section, and the total number of χ events at XENON1T
is fixed to be ∼ 50 [1]. The size of Φχ depends on the boost mechanism. If the semi-
annihilation χχ → χX with mX  mχ takes place in the Galactic Center or halo, it is
estimated as [87]
ΦB ∼ 102 cm−2 s−1
( 〈σv〉DM
5× 10−26 cm3 s−1
)(
MeV
mχ
)2
, (18)
where 〈σv〉DM denotes the thermal average of the DM annihilation cross section in the current
universe, and the NFW profile of the DM distribution [88] is assumed.
By using Eq. (17), the flux of χ is related to its scattering cross section which is con-
strained in the last section. In Fig. 2, we show the constraints on Φχ as a function of mχ.
The purple, green, and blue colors correspond to the constraints from BBN, SN cooling, and
direct detection experiments, respectively. As mentioned in Sec. 3, the blue solid, dashed,
and dotted lines correspond to the cases when χ consists of 100%, 10%, and 1% of the total
#6 The following analysis can be applied to models with other boost mechanisms.
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Figure 2: Constraints on the flux of χ that explains the XENON1T excess. The color and
style convention is the same as Fig. 1. The black dotted line denotes the expected flux of χ
in the boosted DM model with 〈σv〉DM = 5× 10−26 cm3 s−1.
amount of the DM energy density, respectively. Also shown in the black dotted line is the
expected values of the χ flux evaluated in Eq. (18). Here, we set 〈σv〉DM = 5× 10−26 cm3 s−1
as a reference, which corresponds to the standard value for the weakly interacting particle
regime.
For mχ . 10 MeV, the flux is required to be enhanced by many orders of magnitude larger
than the black dotted line in order to explain the XENON1T excess without confronting the
SN bound. Such a large flux is beyond the naive expectation, and we need some new mech-
anism to enlarge it, e.g., a cascade shower of light elements from heavy DM decays. For
mχ & 10 MeV, the severe constraint is obtained from the direct detection experiments if χ
constitutes a sizable component of the DM, as in the model of semi-annihilation. Therefore,
this model, i.e., the one that χ is boosted in the current universe, works if there is a mech-
anism to generate a huge flux, or if χ, which is observed at XENON1T, does not consist of
the DM. In the latter case, although some of the parameter space is still constrained by SN
cooling, there remain large allowed regions. Note that the allowed region that is compatible
with the naively expected flux shown by the black dotted line corresponds to the trapping
regime for mχ . 100 MeV, where the interaction strength is too strong to contribute to the
SN cooling.
We comment on other possible constraints that are not displayed in the figure. As
discussed in Sec. 3.4, there is a bound from the structure formation. It is either weaker than
the BBN constraint (mχ . 10 MeV) or too weak to be shown in the figure (mχ & 10 MeV).
Also, there is a bound from Neff , which is always weaker than that from BBN as discussed in
Sec. 3.5. Note that these two constraints are applied if there is a sufficiently large abundance
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Figure 3: Constraints on the fraction of χ, fχ = ρχ/ρDM, as a function of mχ. The color and
style convention is the same as Fig. 1.
of χ at T = Ts and TBBN, respectively.
4.2 Models with χ boosted in the early universe
On the contrary to the idea explored so far, it is also possible that there exist particles χ
with high velocity vχ ∼ 0.1 that are originally generated in the early universe. Let ρDM (ρχ)
be the energy density of the DM (the high velocity particle χ). We also define the fraction
fχ of χ over the current DM abundance fχ ≡ ρχ/ρDM. Even though χ is not a part of the
DM, fχ < 1 is required to avoid the overclosure of the universe. Assuming that the boosted
particle χ explains the XENON1T excess, Fig. 3 of Ref. [3] tells us the best fit value,
nχσ0 ∼ 4× 10−44 cm−1 (19)
where nχ = ρχ/mχ is the number density of χ. Here, nχ is related to fχ as
nχ = fχ
ρDM
mχ
∼ 300 cm−3 fχ
(
MeV
mχ
)
, (20)
where the energy density of the DM around the earth ρDM ∼ 0.3 GeV/cm3 [89, 90] is used.
Thus, for a fixed value of mχ, larger σ0 is required to maintain Eq. (19) when fχ decrease;
this correlation results in the constraints on fχ from the constraint in Sec. 3.
In Fig. 3, we show the constraint on fχ as a function of mχ. The purple and green
colors denote the constraints from BBN and SN cooling, respectively. Again, the shaded
(or hatched) regions are excluded by the corresponding observation. For mχ . 10 MeV, our
model is severely constrained by BBN and SN cooling, and there is no allowed region with
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fχ ≤ 1. For mχ & 10 MeV, a large parameter space remains unconstrained. We need to
be aware, however, that a large fχ may result in a large abundance of relativistic freedom
in the early universe considering the redshift of the energy, which may conflict with the
small scale structure of the DM halo. According to the arguments on the warm DM, there
is a constraint on the fraction of the relativistic freedom frel . 0.1 that contributes to the
structure formation [91]. Since fχ is the fraction in the current universe and frel is that in
the early universe, the relationship between fχ and frel highly depends on the generation
mechanism of χ. It is likely that some model building regarding the generation of χ is needed
to realize fχ & O(0.1), though we do not discuss in detail here.
We comment on further model-dependent constraints that are not displayed in the figure.
If χ particles exist at the time of recombination, they affect the observed spectrum of CMB.
Considering the redshift of the energy, the currently non-relativistic χ with velocity vχ ∼ 0.1
is anticipated to have relativistic velocity vχ ∼ 1 at large redshift z & 10, e.g., at the
recombination. Then, the effect of this relativistic χ is, as described in Sec. 3.5, to change
Neff through the energy deposit on the baryon-photon plasma and the contribution to the
radiation energy density. Since this constraint highly depends on the generation mechanism
of χ, we need model-dependent treatment for the quantitative analysis and refrain from
analyzing here.
5 Conclusion
In this paper, we have considered cosmological, astrophysical, and experimental constraints
on a new particle χ that has a contract interaction with electron (1). It turned out that
the strong interaction with electrons leads to various constraints mainly from BBN, SN
cooling, and the direct detection experiments. We have summarized the obtained constraint
on the mass mχ and the scattering cross section σ0 in Fig. 1. A strong upper bound on σ0 is
provided by BBN for mχ . 10 MeV, while the SN cooling constrains a region with smaller σ0
for mχ . 100 MeV. Also, the mass range of mχ = 10 MeV–10 GeV is searched for sensitively
by the XENON experiments if χ constitutes a sizable part of the DM.
Next, we have discussed the implication of the above constraints on the electron-scattering
interpretation of the XENON1T excess. We have focused on two models: one with a boost
mechanism of χ in the current universe, and the other with boosted χ that is generated
in the early universe. For the first model, we have shown constraints in Fig. 2 in terms of
the flux of the currently boosted χ. It was concluded that this model works if there is a
mechanism to generate a huge χ flux, or if χ does not constitute the DM. For the second
model, we have shown constraints in Fig. 3 in terms of the fraction of the boosted χ over
the DM relic abundance in the current universe. In this model, we have found that models
with mχ . 10 MeV are severely constrained by BBN and SN cooling, while there remains a
large parameter space allowed for mχ & 10 MeV.
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